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Endostatin is a cleavage- product of coihgen XVm that 
inhibits iWHor autogenesis and growth. Interferon 
«2a blocks tumor angiogenesis and causes regression 
of hemangiomas, but has no effect on choroidal nco- 
vaseulariztiiion (CNV). Therefore, inhibitors of tumor 
angiogenexis tio noi necessarily inhibit ocsiSar neo- 
vascularization. In this study, we used an intravenous 
infection of adenoviral vectors containing a sjg- 
mEndo trsnsgene consisting of murine immunoglob- 
ulin K-chain leader sequence coupled to sequence 
coding for murine endostatin to investigate the effect 
of high serum levels of endostatin on CNV in mice. 
Mice injected with a construct in which sifz-mr.sseio 
expression was driven by the Rous sarcoma virus 
promoter had moderately high serum levels of en- 
dostatin and significantly smaller CNV lesions at sites 
of laser-induced rupture of Bruch's membrane than 
mice injected with null vector. Mice injected with a 
construct in which sig-wl'miti was driven by the sim- 
ian cyiosncgalovirus promoscr had - SO-foid higher 
endostatin serum levels and had nearly complete pre- 
vention of CNV. There was a strong inverse correla- 
tion between endostatin serum level and area of CNV. 
This study provides proot of principle that gene ther- 
apy to increase levels of endostatin can prevent the 
development of CNV and ;s?.n provide a new treat- 
ment for the leading cause of severe loss of vision in 
patiesits with age-related macular degeneration. 
(Am J Pathol 2001, 1 5931 3-320) 



mediate the neovascuiar process ir: these different set- 
tings are \v i ik !» 
because endothelial cells n different pans of trie body 
have different characteristics.' Also, surrounding cells 
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tors d-ie specific stimuiat 
depending on the setting. 

The pete "be c i es makes it haz- 

ardous to predict how a protein or drug wiil affect neo- 
vascularization in one disease process based on Its ef- 
fects in anothe I f growth actor-/3 and 
thrombospor i t nhibit i ul alio i some set- 
tings andstimulafe it in ethers.'' :> The retina and choroid 
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Tissue inh oi u J t oeen touted 

as an inhibitor of neovascularization 6 but it stimulates 
vascular endothelial 1 facie: -induced neovascular- 
ization in the retina 7 Interferon «2a causes dramatic 
t ^ I - ir i hibit n t i li it 

ization in a model of ischemic retinopathy." which led to 
the prediction that if would inhibit choroidal neovascular- 
ization (CNV). However, a multicenter, randomized, p!a- 
al demo r i d h it o U its with CNV 
- - - i ivolutlon of 

CNV ar;d end up wit hi worse vision than those treated with 
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Neovascularization plays a role n several disease pm- 
- ses j c i * it s diaoenc retinop- 

athy, degenera- 
tion. However, it is not clear if the molecular signais thai 
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Endostatm is a cleavage product of collagen XVIil that 
nil \- im ^ 

c v o ac In i e vs 

id le e 3 - oumvent dif- 



SuSh 



v haw 



oduce high s 



istrafion .and consequently t n t 
levels of encoded secreted 

, >erw^<d ntaivat ^ j . ■ e^ ^ . ~" - 'j vcrmr 
containing a transgene consisting of murine immuno- 
glc u n (!g) k chai nee c up k i to se- 

qu< - coding r >r muune > 
i n i , 1 -t > J 

a model of CNV. 



Materials and Methods 

Generation of Adenoviral Vectors 

l~he aden veeti ised m tt t 
here have the following genes deleted: El A, E13, E2, and 
E3. The pa i 3 ■ rvo bee- placed In the 

position of the E1A gene. Construction of Av3mEndo, m 
whi h the Rous sarcon ru l <p 
of murine ml) itin f ? 1 > eptide, has 

been descnl 1 j 1 ^ l j 

except that the simian cytomegalovirus promoter was sub- 
stituted for the Rous sarcoma vans promoter AvSNull arid 
Av3CsNuii are identical to AvSmEndo and AvGCsmEndo, 
respectively, but lack the cDMA inserts. 

The Av3mEndo, Av3Null, Av3CsmEndo. and AvSCsNuli 
a » m rm ^3jj r , — ^ y 

melhasone m Richter's conditioned medium containing 5% 
II bovine serum i eyiopathic effect was observed The 
adenovira 1 j * - 

(plaque-forming units per mi) were determined as prevl- 

't i nndgests 
and Southern blot analysis. The Av3mEndo and 
Avr ;im nd > vw j ir < J Co n. ga ' , - 
competent adenovirus by the Gene Therapy Core technol- 
tjie M I ulai s ( < I at ratorv jl ,< r I no 

Gene Transfer to Mice and induction ofCNV 

Viral vectors were injected into the tall vein of adult 
Co J n mi Mi f I 3 / 0 11 | jh c It s 

of either AvSmEndo (n = 18) or Av3Nuli (n = 17) or with 
6 x "f ' p j i idi oi Av3CsNull. 

Four days after viral vector injection, the mice were anes- 
thetized with ketamine hydrochloride (100 mg/kg body 
vvr gh ) pur 1 im oc and 

at as .eed to rupture 
BracrVs membrane a; ' locations in each eye of each 
jse ; e e - ?t-o o- ^ n" . c~ a"w 
photocoagulation (100 urn spot size. 0 1 seconds dura- 
tion, 120 m'W) was delivered using the slit-lamp delivery 



it / ai J 

hand-held cover slice as a contact lens. Burns were 
performed in the 9. 12 and 3 o'clock positions 2 to 3 disk 
diameters from the optic nerve. Production of a vaporiza- 
tion bubble at the time of laser, which indicates rupture of 
Bruch's membrane, Is an i' n co T am ^g 

CNV Ul so only d ■ Cole v as produced 

wore hciiL '] i ' k ' ' 

for one burn in mice injected with AvSmEndo and three 
\ cornea o me 

A/3mEi ir 

had a corneal scar thai prevented visualization for laser 
and that eye could not be used. 



Measurement of the Size of Laser induced CNV 
Lesions 

week r I r m r f trt Cv !esi< 
was evaluated dy one of two different techniques, mea- 
surement of the integrated area of CNV on serial sections 
as previously reported 15 or measurement of the area of 
CNV in choroidal flat mounts. 16 For mice injected with 
AvSmEndo, 10 mice were evaluated by the fiat mount 
technique and 8 by serial sections, and for mice injected 
with AvSNull, 10 mice were evaluated by the flat mount 
technique and 7 by serial sections 

Mice used for the Rat-mount technique were anesthe- 
tized and perfused with 1 ml of phosphate-buffered sa- 
line containing 50 mg/ml of fluorescein-labeled dextran 
(2 x 10" average molecular weight, Sigma, St. Louis, 
MO) asp"* i xy The eyes were " - ; 

and fixed for 1 hour in 10% phosphate-buffered formalin. 
The cornea and lens were removed and the entire retina 
was carefully dissected from the eyecup. Radial cuts (4 
to 7, average 5) were made from the edge of the eyecup 
to the equate t ^ / c .' • m' f n ^ in Aqua- 
mount with the sclera facing down and the choroid facing 
up - "t ~l t i - ^ v t .miescence micros- 
copy ana im,k s ' 1i j inu i < eha ;e ou- 
pled device color video camera and a frame grabber. 
Image-Pro Plus was used to measure the total area of 
hyperfluorescence associated with each bum, corre- 
sponding to the total fibrovascular scar. For mice injected 
with Av3mEndo, a total of 19 eyes were evaluated (one 
eye had a pre-exisie iuded lasei 
treatment} and there was one burn that had not been 
associated with a bubble, so that 56 lesions were mea- 
} < d\ ul! t J o J a! o 20 eyes 
were evaluated and because there were three burns that 

•i J 3 but L c I si m were 

measured 

and ur in anal\ i II 

generalized estimating equations was performed using 
SAS software - e Inc Gary NC) to compare 

average areas In undo 
sus Av3Ni 

right and left eyes of each mouse. 

Mice used to measure the integrated area of CNV on 
serial se^tic-s wc >. l 
merit and eyes were rapidly removed ana frozen In opt.l- 
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mum-cutting temperature embedding compound (OCT: 
Miles Diagnostics. Elkhart, IN). Frozen serial sections (10 

f M Jl i K J tlx t it V 

histochemicaily stained with biotinyfated Griffonia simpiici- 
foiia l I ■> n VA V c ^ c \jilmgame, 
CA) that selectively binds to vascular cells. Slides were 
incubated in methanol/H ? 0 2 for 10 minutes at 4°C, 
w hud with 0 05 r L 
(TBSi ana • 

cine serum. Slides were incubated 2 hours at room tem- 
oeratu-e wr 1 oiotmvlated G->A < 
mol/L J- t- r m •( 

alkaline phosphatase (Vector Laboratories) for 45 min- 
utes at room temperature. After being washed for 10 
riinutes with C n ie tee 4 i < t 

Histomark Red (Kirkegaard and Perry) to give a red re- 
action product that is distinguishable from melanin. Some 
slides were counterstoined o Contrast Bine 
gaard and Perry). 

To rae -i o ]i it ^ CS j tta 



. built 



[40:1 



.vi th 



:ope 



de\ 



.ge- wee " - , , , j , j 

nior video cam i i abber. image- 

Pro Plus software was used to delineate and measure the 
area of GSA-slained blood vessels in the subretinal 
space. For each lesion, area measurements were made 
for all sections on which some of the lesson appeared and 
added together to give the integrated area measurement. 
Measurements were analyzed as described above for 
area measurements on flat mounts. 

Comparison of Mice injected with Av3mEndo to 
Those injected with Av3CsmEndo 

Mice were injected in the tail vein with 2 X 10" particles 
of AvSmEndo (n - 10) or AvSNull (n - 9), or they were 
ijected with 6 x 1 0 3Csn 
or Av3CsNull in = 11). A no injection control group (n = 
11) was also included Bour days after Injection. Bruch's 
membrane was ruptured with laser in three places in 
each 



after 



s dra\ 



47 of the 52 mice (despite multiple attempts, 
not be obta a ° and serum \ 



;ould 



(ELiSAs; Eighteen days trier injection and 14 Cays after 
iaser, the area of CNV was assessed on choroidal flat 
mounts as desciibed above 

ELiSAs for Endostatin 

_rdo Lt au 

. * - n c- endostatin; Cytlm- 

muneSci re (II , 
ufacturer's instructions 

Measurement of fi-Gaiactosidase Activity 

Livers ^ « frorr 

mice. On the day of the assay, livers or eyes were ho- 



> and prote 



■eporter 



buffer (Promega, Madisc 
; ;t - v ' 
termined by Bradford assay (BioRad, Hercules, CA). 
, s 3 tfa ) 3 

lacio-L ght sys a? E if d MA). 



Construction of Recombinant Adenoviral 
Vectors Expressing Murine Endostatin 



The 



of /- 



ndc. ha 



ist: action and cbaracl 
been ' - - ' ~ ~ i ti f r >- • ^ i dr 

transformed S8 cells contains a 20-kd protein, the 
expectec s tatir hat potently inhibits v ie 

cuiar er leiiai g h > ' n ii J migr 1 or 

of human umbilical vein endothelial cells. An ELISA 
i .... de r i ' ti' insduced 
Hep3B cells secrete 1 to 2 ;xg of murine endostatin per 
24 hours. 



intravascular injection oi AvSmEndo inhibits 
Development of CNV 

In initial experiments, the amount of CNV at sites of laser- 
induced rupture of Bruch's membrane was compared in 
mice injected with AvSmEndo and mice injected with 
AvSNull The amount of CNV was assessed by two o 11- 
f ' n r ' in; j - -in i tl i i ^ V per- 
fused by h ir la- on choroidal flat, 
mounts and measurement of the area of CNV on serial 
sections through the entire lesion, a technique that we 
have used 

m m i t ' J with respect 



:nt groi 



she 



i: In; 



fused CN\ it j i ficanih, less ii 

mice injected with AvSmEndo compared to Av3Null- 
injected controls (Table 1). The integrated area of CNV 
obtained by 'I NV on eacl 

i secfioi-i winch assesses size i three dimensions, 
ere v 1 \;V at slfes of 



Biucr 



|T|b- 



ruptu 



E : - , - \ e a (Table V, 

Differences are larger between the treated and untreated 
r " tui° »i tl 

the second technique we measured the entire hyperfluo- 
io al ays 

occupy the entire area of hyperfluoresoence (Figure IE). 
Also, the secend technique ignores any difference In the 
x ; x nd in a ui t t 

q xj I iu e 

both techniques pro 1 de s r inferr y choroi 

da flat rr 

Also, in subsequ^ 1 - n at die i t>t 

receive any vector injections were treated with laser to 
evaluate for a possible null vector effect. 

Figure 1A shows the typical appearance of laser-in- 
duced CNV In a choroidal flat mount of a no-Injection 
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Tabic 1. i i r r > \ I \ I i b r I s t t r i in 



Area of oerfuseci CNV on choroidal fiat mounts 


Integrated < 


area of CNV on 


-dial 


:ions through entire iesions 


Vector Mice Eyes Lesions (10~ 3 mm 2 ) P 


Vector 


Mice Eyes 


Lesions 


r-eg'aled area 
(10 - 2 mm 2 ) P 


AvSmEndo 10 19 56 13.73 ± 1.36 0.0003 
Av3Nu!l 10 20 57 29.41 ± 2.19 


AvSiTitiicio 
AvSNull 


8 15 
7 13 


37 


5.88 ± 0.91 <0.0001 


'Jsinrj ion diiieic-ni .i| . : ;tini;::i* :u anm ill too Ik- ^o: ' of CNV 


mice injected 
irLin;,ire or Br: 


iniravascularly w 


:::: AvSinl n 





generalized esti 



control mouse. The CNV had a similar appearance n 

mice njected with / « 1 ' 

smalh 

Serial sections stained with GSA show ihe CNV as red- 
stained tissue in the subretinal space The section 
through the largest part of a typical CNV lesion in a 
1 is shown in F igur < F (low 

power) and IN (high power). The distance between the 
arrows represents the approximate diameter of ihe lesion 
and Ihe arrowheads along the superior border help to 
point out the thickness. The section through ihe largest 
part of i t | \ 3d with 



Av3mEr to is show 1 C pow ind 1! 

(high ' i i isameter and 

f a null 

vector-injected mouse (1F). 

Inverse Correlation between Endostatin Serum 
Levels and Area of CNV 

Characterization of a second vector construct, 
AvSCsmEndo, demonstrated that intravascular injection 
of 6 x 10 1u particles resulted in -10-fold higher maxima! 
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.;spo: 




Days following injection of vector 




Serum Endostatin (ug/ml) 



Figure 2, Inverse . 



hi, ISA l\\o wivk'. .i!'!.-!- i 



>! ' .NV i< 



".■iii; c-; 



I I I 1 ll Itl sqU.U-C ( / ]l 

iii- show si.-mrhrri devotions, » s B: 
tier, of null vectors, Av3mEndo (2 X 10 11 
< 10»° particles), Bn 
eye. At 7 days after v 



endostatin levels cornpared to lave!:; :n mice injected with 
the maximum tolerated dose (2 X 10" particles) o? 
Av3 nd (I 3U flu 

in the simian cytomegalovirus promote! benave as strong 



for the two vector constructs, but serur 
fains maxima! levels: 4 to 7 days; after m 
fion and remains greater than backgrc 
rig/mi. results not shown) for at least 1 month. 

Mice were injected with AvSmEndo or nt 
and control groups were injected with matched doses of 

\ ' \ t nt I " , 

, - i r W ti 

investigators masked with respect to vector group and 
^r ^ L ^ ' „ i f / " i ma u r 

on choroids;! flat mounts 14 days 
ulation The typical CNV lesion in mice i 
Av3CsmEndo (Figure 1E) appeared smaller 
mice injected with AvSCsNul! (ID) image s 
firmed that the area of CNV lesions: was sigr 
in mice ijs i [ nd o 

compared to conirols (Table 2) A plot of the mean a 
m CNv jn i r ii - jm ri p i e 

mouse showed a strong inverse correlation with r 
-0.66 (Figure 2B). 



Intravasculai intention of Reporter Gene Vector 
Constructs Results in High Expression in Liver 
and No Detectable Expression in the Eye 

To determim t i i t ti i of adeno- 
viral vectors resu s in sign ;ai tr nsduction of the eye, 
a group of mice v ith "vonBg. This vector 
expresses I cma virus 



en do stat 



nd (30 to 150 



i pnoloc; 



nalysis con- 
ficantly less 
AvSmEndo 



of the e 
the live 
tosidas 



;r 5 days tfie mi< e r i i 

5 k i\ ty was i is ir d h< T cq< 
liver using a oho ii - iqsc m e ass. 
ice that received vector, levels of (3-c 
ty v- a ~ I Xh 1. : h-iho^ lb m uninit 



aies 



the 



f thi 



and c 



activity v 

animals (Figure 3) The absence of delectable /j-gaiac- 
tosidase activity in the eye after administration of an 
adenovirus expressing this enzyme suggests that the 
anti-angiogetac effect after intravascular injection of en- 
/s ' y produc 1 
ra - / pr ced endostati 



(..(>!. 2. i:>>i:: AY."i::r.:>i ; • 



= Development of CNV afte 



0.0013, "0.0004 
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jdtground. five- dav* mixi iiiir.sv:isciil:ir iniiviioii ot 2 X 'JO' ! p.-imdr-s m 
^ ^tiU ii i \ 1 inovrd and p-galac 

ht-rt- il was tin- sum;- :is :n n in rys no: inii-d, -.1 v. ill; V XiiX;. 



Discussion 

In this study, we have demonstrated that intravenous 
injection of adenoviral vectors containing an expression 
construct for endostatin results In significant prevention 
of laser-induced CNV in mice There is a strong negative 
) i -> ' ;NV n h urn ^ ^ 

of endostat P 3 ° to * * ^ r 

1 1 'al vectors 

injected into the venous circulation 20,21 In the current 
t i ;v ij ' .i 



liV 



;:!h ; 



wta: 



expi-i: 



ot endostatin nio toe circulation by tiansduced liver ceils 
provides a useful experimental approach to investigate 
tit f I 1 i 
t 1 ill i po 5? die con- 

founding effect from local injection and minimizes „ 
possibility of any effect of the viral vector. A remote 
possibility is that the inhibition of CNV is because of a 
nonspecific effect of increased protein m the circulaiion 



mlikely 



n fad 



or-x: 



info 



icied 



idenc 



containing an t 



t. for 



id he 



nd il 



did 



;ed CNV (data not shown;. Therefore, our data 
rc id 3 d xi 

lior of CNV and that its inhibitory activity is dependent on 
Its serum concentration 

Intravascular Injections of large doses of recombinant 
endostatin Inhibit tumor growth in mice and even cause 
tumor sgres 

less vascular, suggesting that inhibition of tumor angio- 
geneois Is the basis for the tumor regression. Gene trans- 
fer provides a means to achieve sustained release of 
endostatin arid avoid storage, potential loss of activity 
and multiple Injections of recombinant protein. Two stud- 



gene transfer in tumoi mode s J Intramusc 
ton of a synthetic polymer containing an expression plas- 
mid encoding a secretable form of mouse endostatin 
J x r° i V w ilch 
is less than tf e rar re - er rjger : ;r 1 -statin levels 
in our experiments. This suggests that the increase in 
endoototir o.ts . - oc t A t r s il r 

in decreased growth of subcutaneous renal cell carci- 
noma by 40%, and a sixfold decrease in lung metasia- 
c ~ a es ts 3 bta i° - nude nice Im- 

planted with MDA-MB-435 tumors in which liposomes 
, „ 1 t ii jr e-i'm - 

tin were injected 23 

Compared to nonviral approaches, endostatin gene 
tran fer «/it rn 31 j! ved results n 

higher serum levels and more dramatic effects. In one 
study, 24 peak endostatin serum levels were 1740 ng/rn! 
mr jrr v ' f uo , r h i x r x„ < x ' 
resulting n a 60% reduction in tumor size. The effect on 
sf o r in, i x in t imors was inves- 

tigated by i vomer i nr g the murine endosta- 

tin gene or control vector 7 days after subcutaneous 
f r t i i ir urn i 

size and complete 3d t I i i toe tr e ated 

group compared to controls, but no tumor regression. In 
another study,* 5 peak serum levels of endostatin were 
1770 ng/ml resulting In a 40% Inhibition of MC38 adeno- 
carcinoma growth Using the same Av3mEndo vector 
reported on in the present study, Chen and colleagues 12 
found that compared to AvSNuii-injected mice, which all 
• • ■ * . r ■ fy months after implantation of 
poorly differentiated human stage IV colon carcinoma, 
AvSmEndo- injected mice survived significantly longer, 
with 25% s^il! -= eat4month At jugh iese results are 
good, they are not comparable to the dramatic tumor 
regression achieved witn Injection of 10 to 20 mg/kg/day 



•nt e 



wool: 



Our data 

serum levels and prevention of CNV after rupture of 
Bruch's membrane. To our knowledge, this is the first 
demonstration of endostatm-induced Inhibition of Intraoc- 
ular neovascularization. This Is an important finding, be- 
cause as noted above, there are agents that inhibit tumor 



ma; i 



eidio 



dh : 



mi id 



x CNv. 



, the mc 
older the 



rrtherm 
lonsibif 



the 



, of 



60 In de>'p - u Jo of this al- 

ready hug l r 5 incre is i; our 

popuiatioi ages Our _ red ire tr ts for CNV are 
inadequate, because they are all directed at ablation of 
the abnormal vessels and do nothing to address the 
stimuli for blood vessel growt L f they are all 

plagued by recurrences. Treatments that antagonize or 
neutralize t - t* n . r ' ~ . 
needed. 

Our data suggest that endostatin could potentially pro- 
t " ' 1G iv is-u - 
larization that are present In the eyes of patients with 
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age-related macula; degene;ation and related diseases 
Because sustained high levels of endosiaiin are needed 
i II -< 5 f -< 1 

centratlon ge ssibie 
therapeutic approach, m this study we used systemic 
gene therapy to provide proof of concept. Because em 
dostatin Is an e- oe , 

^ m * > I 1 
therapy could be used In nonmaiignanl neovascular dis- 
eases such as CNV However, it is also conceivable that 
high serum concentrations of ericiosfafin could have del- 



effects. 



.ntly 



, with 



rosis have been noted to have elevated serum levels ot" 
endostatin ' High si - s of i dosta n were found in 
patients with cutaneous sears or ulcers and it was pos- 
tulated that endostatin could contribute to Ischemic com- 
plications. Local delivery of vectors to the eye provides 
an appealing alternative to systemic delivery that de- 
serves investigation. 

Adenovii i ^ , 

level expression and therefore are ideal for proof of con- 
;xp( vhich is 

x treatment of chronic diseases such 
/ in age-related macular degeneration Helper- 
tent adenoviral vectors provide long-term expres- 
sion in baboons while maintaining high serum levels of 
secreted protein, ""or alternatively adeno-associated vi- 
rus or lentivirus vectors could be considered. Although 
many details must be worked out. our data suggest thai 
endostatin gene therapy may provide a new approach in 
patients wth age-related mat i , at an who are 
at high risk for development of CNV. 

Tl using en- 

dostatin for prevention of CNV Experiments are under- 
way to determine whether increasing levels of endostatin 
after development of CNV results in regression. We have 
previously demonstrated that vascular endothelial growth 



cept, but. < 
disadvantr 



i I r 



kin a: 



the 



CNV ' t ill - vheit 
bining endo ttln i >/ w 5 j at nd< theiial 

growth 'amor km . i j rgy with re- 

)ai i 1( or j 1( i md< ' mot CNV Also, there 
are several other proteins and/or protein cleavage prod- 

t I ddit i 1 1 j 1 

on >u ii - 

antithrombin !li, 3 ' :; platelet factor-4. 31 and pigment epiihe- 



:es are needed to ass 



'elative efficacy and safety 
of these; and other proteins alone and In combination 
because the present study demonstrates that the general 
pn ' ' " may have 

merit for treatment of ocular neovascularization and jus- 
tifies the enormous amount of work and resources that 
such studies will require. 
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